The annual global production of milk is approximately 630,000 million litres and the volume of generated dairy wastewater accounts for 3.2 m 3 ·m À3 product. Dairy wastewater is characterized by a high load of chemical oxygen demand (COD). In many wastewater plants dairy wastewater and municipal wastewater are co-treated. The effect of dairy wastewater contribution on COD fraction changes in municipal sewage which has been treated with a sequencing batch reactor (SBR) in three wastewater treatment plants in north-east Poland is presented. In these plants the real contribution of dairy wastewater was 10, 13 and 17%. In raw wastewater, S S fraction (readily biodegradable dissolved organic matter) was dominant and ranged from 38.3 to 62.6%. In the effluent, S S fraction was not noted, which is indicative of consumption by microorganisms. The presence of dairy wastewater in municipal sewage does not cause changes in the content of the X I fraction (insoluble fractions of non-biodegradable organic matter). SBR effluents were dominated by non-biodegradable dissolved organic matter S I , which from 57.7 to 61.7%. In raw wastewater S I ranged from 1.0 to 4.6%. X s fraction (slowly biodegradable nonsoluble organic matter) in raw wastewater ranged from 24.6 to 45.5% while in treated wastewater it ranged from 28.6 to 30.8%. In the control object (fourth wastewater plant) which does not process dairy wastewater, the S S , S I , X s and X I fraction in inflow was 28.7, 2.4, 51.7 and 17.2% respectively. In the effluent the S S , S I , X s and X I fraction was below 0.1, 33.6, 50.0 and 16.4% respectively.
INTRODUCTION
The dairy industry is one of the most important branches of the global economy. The Food and Agriculture Organization of the United Nations (FAO) and the Organisation for Economic Co-operation and Development estimate global milk production in 2024 to increase by 23% compared to 2012-2014, namely by ca. 175 million tonnes (Prognoza światowej produkcji mleka do  r. -Bydło i mleko). The growth in milk production and processing rates will further lead to substantial increase in the volume of generated dairy wastewater. This wastewater may be treated in treatment facilities of processing plants or discharged to municipal wastewater treatment plants. Variable loads of contaminants provided with dairy wastewater may be problematic for municipal wastewater treatment plants (Struk-Sokołowska ) . The problem of treating dairy industry wastewater is still unresolved especially in plants with average and low milk output.
The bio-treatment of dairy wastewater is highly effective due to significant contribution of readily biodegradable substrates (Janczukowicz et al. ; Chiavola et al. ; Dą browski et al. a, b) . The fractionation of organic matter with the use of chemical oxygen demand (COD) in wastewater may be applied to design and set up biogenic compound removal systems (Sadecka & Płuciennik-Koropczuk ; Fudala-Ksiazek ; Struk-Sokołowska ). The information about individual COD fractions enables in-depth analysis of organic compounds considering biodegradable, sparingly degradable, and non-degradable substances. Additionally, it allows precise evaluation of wastewater susceptibility to bio-treatment. It is feasible to co-treat industrial and municipal wastewater in order to achieve the appropriate C:N:P ratio to enable highly effective denitrification and biological dephosphatation. However, data are missing in literature regarding changes in the values and percentage contents of COD fractions in co-treated real dairy and municipal wastewater after successive stages of sequencing batch reactor (SBR) application. This study was aimed at determining the effect of dairy wastewater on COD fraction changes in municipal sewage treated in SBR type reactors.
Characteristics of wastewater from dairy industry
Dairy wastewater is characterized by a high load of COD and 5-day biochemical oxygen demand (BOD 5 ), varied content of dissolved and crystallized lipids (glycerol, triglycerides), sugars (lactose), and proteins (casein) in the colloidal form. The volume of dairy wastewater is characterized by high seasonal variability, including ca. 20% increase in the spring and summer months. Additional fluctuation is observed in daily and hourly variability, which is determined by production rate and profile as well as shift work patterns in milk processing plants (Janczukowicz et al. ; Gong et al. ; Mehrdadi et al. ) .
Problems encountered during dairy wastewater treatment result from high concentration of contaminants and from daily fluctuation in contaminant loads. A high content of phosphorus in wastewater necessitates its chemical precipitation in dairy plant treatment facilities. The content of ammonia nitrogen is in fact lower than in the municipal sewage (Dą browski & Puchlik ). In dairy wastewater, nitrogen occurs in the form of organic nitrogen (proteins, urea, nucleic acids) as well as NH 4 þ , NO 2 À and NO 3 À ions, and is mainly derived from milk proteins (Dą browski & Puchlik ). Some proteins like casein are resistant to biodegradation and require specially adjusted microorganisms for their biodegradation. A by-product of the dairy industry is whey, which contains lactose, proteins, compounds of calcium and phosphorus, organic acids, and vitamins. As a consequence of milk protein precipitation methods dairy plants produce two types of whey: sweet whey (pH 5.2-6.7) from ripening cheese production and acid whey (pH 3.8-4 .6) from cottage cheese production. In Poland like most other countries whey is dried and milk processing plants that do not possess milk powder production units sell whey to other plants. Whey is not discharged to wastewater but treated as a raw material for food product, pharmaceutical or feed component production (Struk-Sokołowska ). It may also be applied to feed reactors for anaerobic sludge processing. The presence of whey in a sewerage system significantly increases contaminant loads in wastewater.
Dairy wastewater also contains compounds used for the washing of equipment and installations, such as NaOH, Na 2 CO 3 , HNO 3 , and H 3 PO 4 (Janczukowicz et al. ) . Modern washing and disinfecting agents are readily biodegradable and wastewater from washing of equipment and pipelines is more susceptible to biodegradation than that generated in other technological lines at milk processing plants. The pH value of dairy wastewater ranges from 4.0 to 12.0. These effluents are also characterized by high temperature variability.
A descending trend in the volume of generated dairy wastewater has been observed worldwide linked to, among other things, the continuous development of production line automation, introduction of cleaning-in-place for installation and pipeline washing, and recycling of water in the washing process. The reduction in the volume of dairy wastewater produced is linked to increased contaminant loads.
The annual global production of milk is approximately 630,000 million litres. It is estimated that 70% of this volume reaches milk processing plants. The index of volume of generated dairy wastewater accounts for 3.2 m 3 ·m À3 product, whereas the mean value of BOD 5 of dairy wastewater is 1,700 gO 2 ·m À3 . Based on the above data, it may be estimated that dairy wastewater carries contaminants reaching over 109,537 million population equivalent (PE) per day.
Characteristics of organic compounds in wastewater based on COD fractions
COD fractionation is one of the most significant achievements in the modeling of activated sludge systems and an indispensable part of wastewater characteristics (Sadecka ) . Calculation of COD fractions enables discrimination of organic contaminants based on particle size and susceptibility to biochemical degradation including the readily and hardly biodegradable substrates (Struk-Sokołowska et al.
).
The fraction of readily biodegradable dissolved organic matter (S S ) includes substrates that are directly assimilated and metabolized by organisms (heterotrophs) for synthesis and energy acquisition. In municipal sewage, the S S fraction constitutes from 20 to 40% of total COD and includes: volatile fatty acids (e.g. acetic acid), alcohols (e.g. methanol and ethanol), carbohydratesmonosaccharides (e.g. glucose), amino acids, and peptides. The knowledge of its content and composition allows for more precise evaluation of wastewater susceptibility to biological treatment, including biological removal of biogenes. It is an especially significant fraction at the stage of dephosphatation and denitrification. The readily biodegradable dissolved fraction is of the greatest significance in the case of biological removal of excess phosphorus compounds. It additionally reduces the volume of oxygen turned back with activated sludge, whose uptake by the growing heterotrophs is very intensive at the early process stage.
Contaminants constituting the fraction of non-biodegradable dissolved organic matter (S I ) do not undergo biodegradation nor any other changes in the wastewater treatment process. Their concentration at all treatment stages is equal to their concentration in the effluent. In crude municipal sewage, the S I fraction constitutes from 2 to 12% of total COD. Only in the case of specific industrial wastewater may its contribution be predominant. The biological treatment method is not recommended in case of a high content of this fraction in wastewater (Sadecka et al. ) .
The fraction of slowly biodegradable non-soluble organic matter (X S ) is formed from the molecular (colloidal) material and complex organic molecules. As they cannot penetrate through the cellular membranes of microorganisms, before being used they need to be degraded by extracellular enzymes to simple compounds in the process of hydrolysis in aerobic, anoxic, and anaerobic conditions ( Jaromin et al. ) . Products of X S fraction hydrolysis include dissolved compounds: readily biodegradable S S and non-biodegradable S I (Sadecka et al. ) . The X S fraction is constituted by proteins, polysaccharides, and lipids and affects the dynamics of the activated sludge process, e.g. oxygen demand. Non-degraded particles of this fraction sorb on floccules of activated sludge or in a biofilm. The percentage content of the X S fraction in the total COD of crude municipal sewage is predominant and usually ranges from 32 to 62% depending on sewerage system extensiveness and its configuration as well as on wastewater temperature.
Temperature determines contaminants transformation and biodegradation rate ( Jaromin et al. ) . The X S fraction includes the X H fractionbiomass of heterotrophic organisms, which represent ca. 5% of total COD (Makinia & Wells ) . Definitely, this fraction should be determined while modeling high-performance wastewater treatment systems (Sadecka et al. ) .
Contaminants constituting the insoluble fractions of nonbiodegradable organic matter X I do not undergo degradation in wastewater treatment processes. They inflow into the treatment plant with crude wastewater or are generated as a result of biomass degradation. Like X S , the X I fraction binds with floccules of activated sludge or with biofilm. It may be removed with excess sludge or discharged as a whole with the effluent. Floccules of the activated sludge display slow adsorption capability. They are incapable of selective binding of only insoluble substances, which reduces the elimination of contaminants occurring in the X I fraction, thereby largely affecting the course of the treatment process and the quality of effluents. The X I fraction may disturb the maintenance of sludge stable age and the course of the nitrification process. Its average content in wastewater ranges from 10 to 15% of total COD ( Jaromin et al. ).
MATERIALS AND METHODS
Research methodology is presented in Figure 1 .
Investigations regarding co-treatment of municipal sewage and dairy wastewater were conducted in three SBR type treatment plants with real contribution of dairy wastewater ranging from 10 to 17%. An additional SBR type treatment plant with no wastewater discharge from a food industry served as control object. 
Wastewater treatment plant in Hajnowka, Poland
The maximum daily flow capacity of the mechanical-biological treatment plant in Hajnowka is 6,600 m 3 . The real volume of wastewater inflowing to the plant in 2011-2014 was 5,000 m 3 ·d À1 , PEs for this plant reach 38,800 and this plant is fed with household sewage and industrial wastewater from a milk processing plant. Dairy wastewater from the Dairy Cooperative in Hajnowka inflows to an aerated retention-averaging tank, from where it is passed into the wastewater treatment plant. The bio-treatment process is conducted in a cyclic system, in four cylindrical tanks with an active volume of 1,361 m 3 . Discharge height of the SBR is 3.7 m; decantation coefficient reaches 0.38. The SBR tanks are equipped with hyperboloid stirrers, a single cycle lasts 8 hours and includes: anaerobic stage of dephosphatation, aerobic stage of organic carbon compounds oxidation and nitrification, anoxic stage of denitrification, sedimentation of activated sludge (with periodical release of excess sludge) and decantation of the effluent. Aerobic conditions change in the range from 0 to 2 gO 2 ·m À3 . The average daily volume of dairy wastewater reaches 500 m 3 ·d À1 , which constitutes ca. 8% of the total volume of wastewater inflowing to the municipal wastewater treatment plant. Contribution of BOD 5 load to dairy wastewater is ca. 32%, whereas its COD load constitutes on average 21% of the total contaminants load. Parameters of raw wastewater are: COD 1,079 mgO 2 ·dm À3 , pH 6.9, total suspended solids (TSS) 430.0 mg·dm À3 , total nitrogen (TN) 71.0 mgN·dm À3 , and total phosphorus (TP) 11.8 mgP·dm À3 .
Wastewater treatment plant in Olecko, Poland
The maximum daily flow capacity of the mechanical-biological treatment plant in Olecko is 5,870 m 3 . The real volume of wastewater inflowing to the plant in 2011-2014 was 3,000 m 3 ·d À1 PEs for this plant reach 31,800. This plant is fed with household sewage and industrial wastewater from the Dairy Cooperative in Olecko without pre-treatment and load averaging. The bio-treatment process is conducted in a cyclic system, in five cylindrical tanks with an active volume of 847 m 3 . The SBR tanks are equipped with finebubble aeration grids; a single cycle lasts from 6 to 8 hours and includes: anaerobic stage of dephosphatation, aerobic stage of organic carbon compounds oxidation and nitrification, anoxic stage of secondary denitrification with the possibility of feeding coagulants at the terminal phase of the stage, sedimentation of activated sludge, and decantation of the effluent. Aerobic conditions are changing in the range from 1.5 to 5 gO 2 ·m À3 . The average daily volume of dairy wastewater reaches 510 m 3 ·d À1 , which constitutes ca. 9% of the total volume of wastewater inflowing to the municipal wastewater treatment plant. Contribution of BOD 5 load in dairy wastewater is ca. 19%, whereas its COD load constitutes on average 21% of the total contaminants load. Parameters of raw wastewater are: COD 1,177 mgO 2 ·dm À3 , pH 7.0, TSS 425.0 mg·dm À3 , TN 81.0 mgN·dm À3 , and TP 16.7 mgP·dm À3 .
Wastewater treatment plant in Sokolka, Poland
The maximum daily flow capacity of the mechanical-biological treatment plant in Sokolka is 6,000 m 3 . The real volume of wastewater inflowing to the plant in 2011-2014 was 3,350 m 3 ·d À1 , PEs for this plant reach 25,070. This plant is fed with household sewage and industrial wastewater from a milk processing plant. The bio-treatment process is conducted in a cyclic system, in four cylindrical tanks with an active volume of 1,500 m 3 . The SBR tanks are equipped with Hyper-Classic mixer/aerator hyperboloid stirrers. A single cycle lasts 8 hours and includes: anaerobic stage of dephosphatation, aerobic stage of organic carbon compounds oxidation and nitrification, anoxic stage of denitrification, sedimentation of activated sludge (with periodical release of excess sludge), and decantation of the effluent. Aerobic conditions change in the range from 1.8 to 4 gO 2 ·m À3 . The average daily volume of dairy wastewater reaches 430 m 3 ·d À1 , which constitutes ca. 13% of the total volume of wastewater inflowing to the municipal wastewater treatment plant. In terms of BOD 5 and COD contribution to dairy wastewater, the total contaminants load is at 7%. Parameters of raw wastewater are COD 378 mgO 2 ·dm À3 , pH 6.6, TSS 280.0 mg·dm À3 , TN 56.7 mgN·dm À3 , and TP 5.73 mgP·dm À3 .
Wastewater treatment plant in Czarna Bialostocka, Poland
The maximum daily flow capacity of the mechanical-biological treatment plant in Czarna Bialostocka is 2,500 m 3 . The real volume of wastewater inflowing to the plant in 2011-2014 was 690 m 3 ·d À1 (PE ¼ 7,000). This plant is fed with household sewage from the town and from the district. The bio-treatment process is conducted in a cyclic system, in two cylindrical tanks with an active volume of 920 m 3 . The SBR tanks are equipped with fine-bubble aeration grids, and stirrers. A single cycle lasts 6 hours and includes: anaerobic stage of dephosphatation, aerobic stage of organic carbon compounds oxidation and nitrification, anoxic stage of denitrification, sedimentation of activated sludge (with periodical release of excess sludge), and decantation of the effluent. Aerobic conditions change in the range from 0.2 to 3 gO 2 ·m À3 . Parameters of raw wastewater are COD 1,482 mgO 2 ·dm À3 , pH 6.9, TSS 990.0 mg·dm À3 , TN 142.0 mgN·dm À3 , and TP 24.3 mgP·dm À3 .
Samples of wastewater for physicochemical analyses were collected from 2012 to 2014. Eight analytical series were conducted in the three wastewater treatment plants receiving dairy wastewater, and five series in the control object. The list of process line points from which the analyzed samples of wastewater were collected is provided in Table 1 . Table 2 summarizes mean flows and loads of municipal sewage and dairy wastewater inflowing to the tested treatment plants according to exploitation data from 2012 to 2014. In turn, milk outputs, production profiles, modes of dairy wastewater discharge and dairy wastewater volume per production unit were established in the plants generating dairy wastewater (Table 3) .
Analytical results were used to compute the values and percentage contribution of individual COD fractions in wastewater. The method used for COD fractions determination in wastewater was developed based on ATV 131P guidelines (ATV-DVWK-AP).
The concentration of dissolved organic contaminants (S COD ) was computed based on:
S S : COD readily biodegradable dissolved organic matter, S I : COD non-biodegradable dissolved organic matter.
To establish S COD , the COD of crude wastewater was determined after centrifugation (3,000 rpm; t ¼ 10 min), decantation, and filtration through a membrane filter made of glass fiber, with pore size of 0.45 μm. The analysis of S I consisted of determining COD of treated wastewater sample after centrifugation, decantation, and filtration (as above); in turn S S was determined based on the following equation:
Ádm À3 ] X S fraction was determined based on the following equation:
BOD T : total biochemical oxygen demand.
The total BOD was computed based on experimentally established BOD 5 of wastewater. Kinetics of the first phase of BOD are described with the first order reaction equation:
BOD t : BOD after time t, k: reaction rate constant; for substances contained in household wastewater its values range from 0.1 to 0.3 d À1 , and mean value is assumed at 0.23 d À1 (Struk-Sokołowska ).
Assuming that t ¼ 5 d and that k ¼ 0.23 d À1 , a simplified formula was obtained:
The total concentration of molecular organic matter was determined based on a dependency provided in ATV-131 guidelines (ATV-DVWK-AP).
Ádm À3 ] X I : insoluble fractions of non-biodegradable organic matter, X COD : total concentration of molecular organic matter; X COD ¼ X S þ X I , A: coefficient ranging from 0.2 to 0.35 depending on the type of wastewater or relatively on wastewater retention time in the primary settling tank; A was assumed at A ¼ 0.25, therefore X I ¼ 0.25·X COD .
By substituting the above dependencies to the equation, the concentration of molecular organic matter was computed based on:
Fraction X I was computed from a difference between X COD and X S .
The obtained values of S S , S I , X S , X I , and total COD enabled the calculation of individual COD fractions percentage. 
RESULTS
Changes in contents of COD fractions and COD concentration in crude wastewater and in wastewater after successive stages of treatment process in Hajnowka are presented in Figure 2 . The analysis of COD fractions distribution demonstrated that the fraction of slowly biodegradable insoluble substrates X S was predominant in the influent (Figure 2 ). Its percentage content reached 45.5%. Another fraction with a significant content (38.3%) included readily biodegradable dissolved organic matter S S . Nonbiodegradable inert contaminants constituted 16.2% in total; however, the content of the non-biodegradable insoluble fraction X I reached 15.2% and that of the non-biodegradable dissolved fraction S I reached only 1.0%. The mechanical treatment of wastewater contributed to a decreased content of the slowly biodegradable insoluble fraction X S and of the non-biodegradable fraction X I , the content of which at this stage of the treatment process reached 43.7 and 14.6%, respectively. In the retention tank, the predominating fraction of wastewater was again X S (50.2%), which confirms a high content of slowly biodegradable insoluble organic matter. The content of contaminants constituting the X I fraction also increased (to 16.8%). The filling of the SBR and 20minute stirring stage contributed to rapid changes in the contents of COD fractions. A significant increase was noted in the content of readily biodegradable dissolved organic matter S S (61.9%), while its content in wastewater in the retention tank reached 31.5%. An increase was also observed in the content of the non-biodegradable dissolved After pretreatment process substrates S I , i.e. from 1.5 to 17.9%. In turn, a significant decrease was noted in the slowly biodegradable insoluble fraction X S (from 50.2 to 15.5%) and of the non-biodegradable one X I (from 16.8 to 4.8%). Successive treatment stages in the SBR caused changes in the contents of COD fractions through effluent decantation. As a result of aeration and stirring (the entire stage lasted 300 minutes) the content of readily biodegradable dissolved organic matter S S was successively decreasing in the wastewater. After 70 minutes of the process this fraction constituted only 47.6%, whereas at completion it was 42.4%. A similar observation was made for the fraction of slowly biodegradable insoluble organic matter X S , the content of which accounted for 11.9% after 70 minutes of aeration and stirring and 9.1% after 295 minutes. It is indicative of the proper setup of the treatment process. In addition, a decrease from 4.8% to 3.0% was noted in the content of non-biodegradable insoluble organic materials X I . The content of the S I nonbiodegradable dissolved matter in the effluent increased from 35.7 to 45.5%. It is worth noting that no changes were observed in contents of COD fractions within the last 105 minutes of aeration and stirring in the SBR. In contrast, significant changes were noticed during the sedimentation stage. The content of S S readily biodegradable dissolved organic matter was increasing and after sedimentation reached 41.4%. In the effluent decanted from the SBR (after dosing with PIX (iron(III) sulfate)) its content reached only 1.9% and in wastewater from the effluent pond it reached <0.1%. The effluent decanted from the SBR was characterized by a rapid increase in the content of slowly biodegradable insoluble fraction X S (from 3.4 to 51.9%) and of the non-biodegradable fraction X I (from 3.4 to 17.3%). In wastewater from the effluent pond, contents of these fractions reached 30.8% and 11.5%, respectively (Figure 2 ). The content of S I fraction of non-biodegradable dissolved contaminants decreased from 51.7 to 28.8% and then increased again to 57.7% in the effluent (from the effluent pond). Changes in the content of COD fractions and COD concentration in crude wastewater and in wastewater after successive stages of the treatment process in Olecko are presented in Figure 3 .
Wastewater inflowing to the treatment plant in Olecko was predominated by the readily biodegradable dissolved organic matter S S fraction (44.1%, Figure 3 ). It was followed (41.4%) by the slowly biodegradable insoluble organic matter X S fraction. The total content of non-biodegradable inert contaminants reached 14.8%; however, the insoluble fraction X I accounted for 13.8% and the dissolved fraction S I for only 1% of wastewater. The mechanical treatment of wastewater as well as the filling and dephosphatation stage in the SBR contributed to a rapid decrease in the content of the S S fraction of readily biodegradable dissolved organic matter from 44.1 to 23.3%. This indicates a high intensity of carbon substrates uptake by microorganisms. Contents of other COD fractions in wastewater were observed to increase. The content of the S I non-biodegradable dissolved matter fraction increased from 1 to 15.4%, whereas during nitrification (220 minutes of aeration and stirring) it increased to 56.6%. At the end of this stage, the S S readily biodegradable dissolved organic matter constituted 19%, whereas the slowly biodegradable insoluble organic matter X S was only 18% of wastewater. The stage of denitrification caused a decrease in the content of readily biodegradable dissolved fraction S S to 14% and an increase in the content of slowly biodegradable insoluble fraction X S to 19.4%. At this stage of the treatment process, the total content of non-biodegradable inert contaminants reached 66.6%. The fraction of insoluble matter X I accounted for 6.7% and the fraction of dissolved matter S I for 59.9%. The stage of nitrification (70 minute aeration and stirring of SBR contents) contributed to a decreased content of the readily biodegradable dissolved substrates S S fraction from 14 to 7.2% and of the non-biodegradable substrates S I from 59.9 to 39.3% . The nitrification stage increased contents of the slowly biodegradable insoluble fraction X S from 19.4 to 40.4% and of the non-biodegradable fraction X I from 6.7 to 13.2%. After sedimentation the content of the readily biodegradable dissolved organic matter S S was <0.1%, and that of non-biodegradable matter S I increased rapidly from 39.3 to 61.7%. The content of the fraction of slowly biodegradable insoluble organic matter X S decreased from 40.4 to 28.6%, and that of the X I fraction from 13.2 to 9.7% (Figure 3) .
Changes in the content of COD fractions and COD concentration in crude wastewater and in wastewater after successive stages of treatment process in Sokolka treatment plant are presented in Figure 4 .
In wastewater inflowing to the treatment plant in Sokolka, the total content of readily biodegradable and non-biodegradable dissolved organic matter (S S þ S I ) reached 67.2%, whereas that of the slowly biodegradable and non-biodegradable insoluble fractions (X S þ X I ) reached 32.8% (Figure 4) . The readily biodegradable dissolved organic matter S S (62.6%) was predominant. Dairy wastewater inflowing to the plant in Sokolka is pre-treated before being mixed with the stream of municipal sewage; so it may be concluded that the retention of a considerable part of slow and non-biodegradable contaminants during this process is likely. In wastewater from the retention tank, contents of two of the analyzed fractions decreased, i.e. S S from 62.6 to 22.3% and S I from 4.6 to 1.7%; therefore contents of the remaining fractions increased significantly, i.e. X S from 24.6 to 56.9% and X I from 8.2 to 19.0%. During the nitrification stage in the SBR, the content of readily biodegradable dissolved organic matter S S successively decreased and reached 6.1% after 180 minutes of treatment process. It is indicative of the intensive uptake of carbohydrate substrates by wastewater organisms. The S S fraction constituted only 3.9% in wastewater after the anoxic stage of denitrification, whereas in the effluent its content reached <0.1%. In the case of the slowly biodegradable insoluble fraction X S which constituted to 56.9%, the successive stages of bio-treatment resulted in its decrease to 28.9% in the effluent. The inert fractions of dissolved substrates S I and insoluble substrates X I constituted 61.3 and 9.8% in the effluent, respectively. In turn, the content of slowly biodegradable insoluble organic matter X S did not change, being influenced by the process of sedimentation, and still reached 28.9% in the effluent decanted from the SBR.
Changes in the content of COD fractions and COD concentration in crude wastewater and in wastewater after successive stages of the treatment process in Czarna Bialostocka are presented in Figure 5 .
The influent discharged to the treatment plant in Czarna Bialostocka was predominated by the slowly biodegradable insoluble organic matter X S fraction (51.7%, Figure 5 ). The content of readily biodegradable dissolved organic matter S S reached 28.7%. The total content of non-biodegradable inert contaminants accounted for 19.6%, with the insoluble fraction X I content reaching 17.2% and that of the dissolved fraction S I reaching only 2.4%. The mechanical treatment of wastewater had no significant effect on contents of particular COD fractions. Only a decrease from 51.7 to 51.2% was observed in the content of the slowly biodegradable insoluble organic matter X S fraction and an increase from 28.7 to 29.3% in that of the readily biodegradable dissolved S S fraction. In the stage of dephosphatation coupled with SBR filling and stirring of its contents, a decrease was noted in the readily biodegradable dissolved organic matter S S fraction from 29.3 to 2.0%. In addition, an increase was noted in the content of the S I fraction from 2.4 to 29.4%. In the remaining stages of biological wastewater treatment no changes were demonstrated in the contents of COD fractions. The slowly biodegradable insoluble organic matter X S fraction constituted 50.0% of the effluent. Contents of the inert dissolved fraction S I and insoluble fraction X I reached 33.6 and 16.4%, respectively ( Figure 5 ).
Contents of COD fractions and COD concentration in crude and treated wastewater in all tested wastewater treatment plants are summarized in Table 4 .
DISCUSSION
The S S fraction includes substrates that are directly assimilated and metabolized by microorganisms for the biomass synthesis and energy acquisition. The content of readily degradable dissolved matter S S ranged from 38.3 to 62.6% in municipal sewage containing dairy wastewater. The highest content was determined in the treatment plant where dairy wastewater constituted 13%. The differences result from the pre-treatment process of dairy wastewater before feeding to the municipal wastewater treatment plant in Sokolka. In the control object receiving wastewater from the dairy industry the content of the S S fraction was lower and reached 28.7%. This value fits within the range reported by Fudala-Ksiazek (), who determined the content of readily biodegradable dissolved organic matter in crude wastewater to range from 14.0 to 32.0%. Results of our study show that municipal sewage with dairy wastewater contained more S S readily biodegradable substances. Values determined in the control object are, in turn, consistent with those provided by Płuciennik-Koropczuk () who analyzed the composition of municipal sewage inflowing to three treatment plants in south-west Poland. The content of the S s fraction noted by this author in crude wastewater ranged from 23 to 32.3%.
The content of slowly biodegradable insoluble organic matter X S in influents discharged to treatment plants in Hajnowka, Olecko, and Sokolka ranged from 24.6 to 45.5%, with the highest one recorded in Hajnowka where the content of dairy wastewater in municipal sewage reached 10%. The content of the X S fraction in wastewater from the control object was higher and reached 51.7%. This value was similar to that obtained by Płuciennik-Koropczuk () in municipal wastewater in which it fluctuated between 52.4 and 67%. Results of our study and findings of other authors allow the conclusion that dairy wastewater causes a decrease of the X S fraction content in municipal sewage. Contents of the inert fractions (dissolved S I and insoluble X I ) in crude wastewater were very similar in all analyzed plants and ranged from 1.0 to 4.6% and from 8.2 to 17.2%, respectively. These values are comparable with results reported by Płuciennik-Koropczuk () ranging from 2.5 to 4.1 and from 7.0 to 14.9%, respectively. Similar contents of the S I fraction, ranging between 3.0 and 4.0%, in crude municipal sewage were noted by Fudala-Ksiazek ().
During the SBR cycle the X S fraction hydrolyzes to readily biodegradable S S and non-biodegradable S I fractions. Moreover, non-degraded particles of this fraction can be removed by sorption on floccules of activated sludge. In the effluent from the treatment plants receiving dairy wastewater, the content of slowly biodegradable insoluble organic matter X S was similar and ranged from 28.6 to 30.8% of total COD, whereas in the control object it reached 50%. Contaminants constituting the S I fraction do not undergo biodegradation in the wastewater treatment process. Contents of S I non-biodegradable dissolved organic matter in the effluent from the plants receiving dairy industry wastewater were similar and ranged from 57.7 to 61.7%. A lower value of S I fraction content, reaching 33.6%, was determined in the effluent from the control object. This was due to the lower concentration of COD, mainly the X S fraction, in effluent from the treatment plants receiving dairy wastewater. There is high probability that dairy wastewater positively influences the biological processes in the SBR.
The X I fraction can bind with floccules of activated sludge. It may be removed with excess sludge or discharged as a whole with the effluent, but floccules of the activated sludge display slow adsorption capability as they are incapable of selective binding of only non-biodegradable suspended substances. It reduces the elimination of contaminants occurring in the X I fraction. Contents of nonbiodegradable insoluble organic matter X I in the effluent from the plants receiving dairy wastewater were similar and ranged between 9.7 and 11.5%, whereas that in effluent from the control object reached 16.4%. Results of this study and values reported by other authors (Makinia et al. ; Fudala-Ksiazek ) confirm a low percentage content of the S I and X I fractions in crude municipal sewage. The percentage contents of COD fractions determined in the study diverge from the values recorded in municipal or household sewage. This fact confirms the impact of dairy wastewater on the changes of municipal sewage qualitative characteristics. The obtained contents of COD fractions in municipal sewage containing dairy wastewater are also different from their percentage contents adopted in biokinetic models ASM1 and ASM2 (Płuciennik-Koropczuk ). Data are missing in literature regarding changes in the values and percentage content of COD fractions in wastewater after successive stages of SBR usage. For this reason, it is impossible to compare results of our study with findings of other authors. However, we observed similarity to changes occurring in wastewater treated using activated sludge technology in flow-through reactors (Sadecka & Płuciennik-Koropczuk ) or in hydrophyte beds (Tuszyńska & Obarska-Pempkowiak ) .
A comparison of municipal sewage and municipal sewage containing dairy wastewater based on contents of COD fractions demonstrated that they differ from other wastewater generated by the food industry. Investigations conducted in Italy by Chiavola et al. () on wastewater from olive oil pressing subjected to a treatment process in SBR reactors demonstrated that the content of biodegradable substrates reached 66.6%, including S S ¼ 29.2% and X S ¼ 37.4%, whereas that of non-biodegradable substrates reached 33.4%, including S I ¼ 9.9% and X I ¼ 23.5%. Municipal sewage containing dairy wastewater is characterized by a higher content of slowly biodegradable insoluble organic matter X S and by a lower content of the non-biodegradable fractions (inert) S I and X I , making it more susceptible to biological treatment. Analyzing the composition of wastewater from the food industry, Rodríguez et al. () demonstrated that content of the non-biodegradable fractions (inert) S I and X I in wastewater from tomato, sugar beet and potato processing plants and wineries reached 18.4, 18.9, 28.8, and 20.9%, respectively.
The analysis of treated wastewater comparisons should take into account the content of biodegradable fractions, namely the readily biodegradable dissolved substrates S S and slowly biodegradable insoluble substrates X S . They allow the evaluation of wastewater treatment plant efficiency, stimulate the work of reactors and facilitate potential modernization plans. In our study, no readily biodegradable dissolved organic matter was determined in the effluent from SBR type tanks. Similar findings were reported by Płuciennik-Koropczuk () as well as by Sadecka & Płuciennik-Koropczuk () .
It is worth noting that the content of X S slowly biodegradable dissolved organic matter in the effluent was decreasing simultaneously with an increasing content of dairy wastewater in municipal sewage (10, 13, and 17%), reaching 30.8, 28.9, and 28.6%, respectively. A different, 50% content of the X S fraction in the effluent was noted in a treatment plant in Czarna Bialostocka (control object). This confirms the legitimacy of discharging dairy wastewater to municipal wastewater treatment plants. Myszograj & Sadecka () , as well as Tuszyńska & Obarska-Pempkowiak (), also reports higher contents of the X S fraction in the effluent, which may be linked to lack of wastewater from the food industry in wastewater inflowing to treatment plants analyzed by these authors.
CONCLUSIONS
Municipal sewage containing dairy wastewater inflowing to treatment plants in Hajnowka, Sokolka and Olecko had the highest contents of biodegradable organic matter (S S þ X S ), including a significantly higher content of S S readily biodegradable dissolved organic matter compared to the municipal sewage without dairy wastewater fed to the plant in Czarna Bialostocka (control object). The pre-treatment process of dairy wastewater (averaging, aeration, neutralization, removal of lipids and mineral oils) before its mixing with municipal sewage causes a significant increase in the content of the S S fraction in municipal sewage. Content of non-biodegradable dissolved organic matter S I in crude municipal wastewater is low and similar, regardless of dairy wastewater volume. The presence of dairy wastewater in municipal sewage does not cause changes in the content of the X I fraction. No S S fraction was noted in the effluent, which is indicative of the consumption of readily biodegradable organic matter by microorganisms in activated sludge in SBR type tanks. Municipal wastewater containing dairy wastewater, after the treatment process in SBR tanks, was predominated by S I non-biodegradable dissolved organic matter. In turn, in the control object not receiving dairy wastewater the effluent contained mainly the X s fraction.
